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75248 Paris cedex 05, France

Several lines of evidence indicate that very large G-protein-coupled receptor 1 (Vlgr1) makes up the ankle links that connect the stereocilia
of hair cells at their base. Here, we show that the transmembrane protein usherin, the putative transmembrane protein vezatin, and the
PDZ (postsynaptic density-95/Discs large/zona occludens-1) domain-containing submembrane protein whirlin are colocalized with
Vlgr1 at the stereocilia base in developing cochlear hair cells and are absent in Vlgr1�/� mice that lack the ankle links. Direct in vitro
interactions between these four proteins further support their involvement in a molecular complex associated with the ankle links and
scaffolded by whirlin. In addition, the delocalization of these proteins in myosin VIIa defective mutant mice as well as the myosin VIIa tail
direct interactions with vezatin, whirlin, and, we show, Vlgr1 and usherin, suggest that myosin VIIa conveys proteins of the ankle-link
complex to the stereocilia. Adenylyl cyclase 6, which was found at the base of stereocilia, was both overexpressed and mislocated in
Vlgr1�/� mice. In postnatal day 7 Vlgr1�/� mice, mechanoelectrical transduction currents evoked by displacements of the hair bundle
toward the tallest stereocilia (i.e., in the excitatory direction) were reduced in outer but not inner hair cells. In both cell types, stimulation
of the hair bundle in the opposite direction paradoxically resulted in significant transduction currents. The absence of ankle-link-
mediated cohesive forces within hair bundles lacking Vlgr1 may account for the electrophysiological results. However, because some long
cadherin-23 isoforms could no longer be detected in Vlgr1�/� mice shortly after birth, the loss of some apical links could be involved too.
The premature disappearance of these cadherin isoforms in the Vlgr1�/� mutant argues in favor of a signaling function of the ankle links
in hair bundle differentiation.
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Introduction
The two types of cochlear sensory cells, the inner hair cells
(IHCs), the genuine sensory cells, and the outer hair cells
(OHCs), the cochlear amplifiers, transduce sound-evoked me-
chanical stimuli into electrical signals in the hair bundle. The hair
bundle is composed of an array of modified microvilli, the stere-

ocilia, organized in three rows of graded length. During develop-
ment, it also harbors a genuine cilium, the kinocilium. The archi-
tecture, orientation, and stiffness of the hair bundle are critically
involved in the mechanoelectrical transduction (MET) process.
Strong evidence supports the role of the tip link, a single link
extending upward the tip of each stereocilium to the side of the
adjacent taller stereocilium, in this process via mechanical cou-
pling to the MET apparatus (Pickles et al., 1984; Assad et al.,
1991). The hair bundle also contains multiple lateral links that
bridge stereocilia within and across stereocilia rows (Goodyear et
al., 2005).

The study of the proteins encoded by genes defective in Usher
syndrome type 1 (USH1), characterized by congenital profound
deafness, has shown that cadherin 23 (USH1D) and probably
protocadherin 15 (USH1F) make up lateral links that intercon-
nect the stereocilia as well as the stereocilia to the kinocilium
during hair bundle differentiation (Ahmed et al., 2001; Alagra-
mam et al., 2001; Bolz et al., 2001; Bork et al., 2001; Lagziel et al.,
2005; Michel et al., 2005). These links are thought to be critically
involved in the cohesion of the growing hair bundle, because in
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mutant mice that lack either cadherin 23 or protocadherin 15, the
hair bundle is fragmented before birth (Holme and Steel, 2002;
El-Amraoui and Petit, 2005) (G. Lefèvre, unpublished results). In
addition, subgroups of lateral links can be distinguished thereaf-
ter. In the postnatal mouse, they are categorized according to
their location along stereocilia, namely from base to apex, ankle
links, shaft links, and top links. Of these, only the top links persist
in the fully mature hair bundle of cochlear hair cells (Goodyear et
al., 2005). The roles of the various lateral links remain largely
elusive.

The ankle links are present in all vertebrate species, both in the
auditory and vestibular hair bundles, although they are only tran-
sient in the mammalian cochlear hair cells. Recently usherin and
very large G-protein-coupled receptor 1 (Vlgr1), two transmem-
brane proteins encoded by genes defective in Usher syndrome
type 2 (USH2A and USH2C, respectively), characterized by a less
severe hearing impairment than in USH1, were suggested to be
components of the ankle links because they are both located at the
base of stereocilia (Adato et al., 2005b; McGee et al., 2006) and
have a long extracellular region. Usherin extracellular region is
composed of fibronectin type III repeats (up to 33 repeats) and
four different types of laminin-like domains (van Wijk et al.,
2004). Vlgr1 belongs to the B-subclass of G-protein-coupled re-
ceptors (GPCRs), which gathers proteins with unusually large
N-terminal extracellular domains (McMillan et al., 2002; Foord
et al., 2005). Its large extracellular region mostly consists of 35
copies of �120 aa Calx-� domains. The disappearance of the
ankle links in Vlgr1del7TM mutant mice further suggests that
Vlgr1 is an ankle-link component (McGee et al., 2006). Here, we
addressed the molecular composition and role of the ankle links
in the hair bundle development and functioning.

Materials and Methods
Animals and antibodies. Animal experiments were performed in accor-
dance with the Institut de la Santé et de la Recherche Médicale animal
welfare guidelines, approved by the French Ministère de l’Agriculture, de
l’Alimentation, de la Pêche et de la Ruralité. The Vlgr1�/� mice have been
reported previously (Yagi et al., 2005). Rabbit antisera were raised against
a synthetic peptide, VLRGKDSDGN, from the N-terminal region of the
murine Vlgr1 protein [National Center for Biotechnology Information
(NCBI) accession number NM_054053, amino acids 282–291]. Poly-
clonal antibodies were then affinity purified. Other primary antibodies
used in this study were as follows: rabbit anti-mouse usherin (Adato et
al., 2005b), rabbit anti-mouse Cdh23N1, rabbit anti-mouse Cdh23Ela3N
(Michel et al., 2005), rabbit anti-mouse Ptprq (gift from G. P. Richard-
son, University of Sussex, Brighton, UK), mouse anti-mouse CIP98/
whirlin (Yap et al., 2003; Delprat et al., 2005), rabbit anti-mouse AC5/6
(Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-mouse
vezatin (Boëda et al., 2002). Secondary antibodies were: Alexa 488-
conjugated goat anti-rabbit Fab2 (Invitrogen, Eugene, OR), cyanine 3
(Cy3)-conjugated goat anti-mouse, and Cy5-conjugated goat anti-rabbit
(GE Healthcare, Piscataway, NJ).

Whole-mount fluorescence. Animals at different developmental stages
were killed by exposure to CO2 followed by decapitation, and cochleas
were dissected from temporal bones. The cochlear shells were removed
and placed in PBS. The organ of Corti was exposed by removing the
cochlear lateral wall, and the tissues were then fixed in 4% paraformal-
dehyde PBS for 1 h at room temperature. The tissues were washed three
times in PBS (10 min for each wash), followed by permeabilization and
blocking in PBS containing 1% bovine serum albumin (BSA), 20% nor-
mal goat serum, and 0.3% Triton X-100 for 1 h at room temperature.
After PBS washes, primary antibodies, diluted in PBS containing 1% BSA
and 0.25% Triton X-100, were incubated overnight at 4°C. Omission of
the primary antibody was used as a negative control. After three 10 min
washes in PBS, the tissues were incubated with secondary antibodies
diluted in 1% BSA-PBS containing TRITC-conjugated or Alexa 488-

conjugated phalloidin (1:2000 dilution) for 1 h at room temperature.
After three washes in PBS, the tectorial membrane was carefully dissected
away and the organs of Corti were mounted in Fluorsave (Calbiochem,
La Jolla, CA), under glass coverslips with the hair bundles directed to-
ward the coverslip. Whole-mount preparations were viewed with a 63�
Plan Apochromat oil-immersion objective (numerical aperture, 1.2) us-
ing a Zeiss (Oberkochen, Germany) LSM-510 confocal microscope.

For double-labeling experiments using two rabbit primary antibodies
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material), the following modifications were done to the above protocol.
The fixed tissue samples were sequentially incubated with the primary
antibody (anti-Vlgr1) and a Cy5-conjugated secondary antibody (1:500
dilution) for 1.5 and 1 h at room temperature, respectively. Tissue sam-
ples were fixed again in 4% paraformaldehyde PBS for 15 min at room
temperature. They were then sequentially incubated with the second
primary antibody (anti-usherin or anti-vezatin) overnight at 4°C and an
Alexa 488-conjugated secondary antibody (1:800 dilution) for 15 min at
room temperature, followed by a 15 min fixation in 4% paraformalde-
hyde PBS. Finally, tissue samples were incubated with Cy3-conjugated
phalloidin (1:2000 dilution). Omission of the second primary antibody
(anti-usherin or anti-vezatin) was used as a negative control.

BAPTA and subtilisin treatments. After dissection (see above), organs
of Corti were placed in microwells and incubated with either PBS, PBS
containing 5 mM BAPTA, or PBS containing 50 �g/ml subtilisin [Sigma
(St. Louis, MO) Protease type XXIV] for 15 min at room temperature.
After treatment with PBS, BAPTA, or subtilisin, the solutions were re-
moved, and fixative (4% paraformaldehyde in PBS) was added. After
fixation for 1 h at room temperature, the organs of Corti were immuno-
labeled as described above.

Scanning electron microscopy. Whole inner ears from postnatal day 6
(P6) Vlgr1�/�, Vlgr1�/�, and Vlgr1�/� mice were removed, pierced at
the apex of the cochlea and in the round and oval windows, and fixed by
immersion in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3, for
2 h at room temperature. After three washes with the buffer alone, the
inner ears were dissected to give direct access to the organ of Corti. The
samples were then dehydrated by successive washes in ethanol (50, 70, 80,
90, and 100%), critical point dried, mounted on a stub, sputter coated
with gold-palladium, and examined under a JEOL (Peabody, MA) JSM
6700F scanning microscope.

In vitro binding experiments. The cDNA fragments encoding the cyto-
plasmic regions of the mouse usherin (NCBI accession number
NM_021408.2, amino acids 5055–5193) and Vlgr1 (NCBI accession
number NM_054053, amino acids 6150 – 6298) and the following trun-
cated fragments of whirlin (GenBank accession number AY739114.1,
amino acids 1–260, amino acids 240 –550, and amino acids 420 –907)
were reverse transcription (RT)-PCR amplified from mouse inner ear
mRNA and cloned into pGEX-4T-1 vector for protein production in
Escherichia coli BL21 cells. Glutathione S-transferase (GST) fusion pro-
teins were purified from bacterial extracts by using glutathione–Sepha-
rose 4B beads. The cDNA encoding the long isoform of vezatin (Gen-
Bank accession number AY753561) was subcloned in pCMV-tag 3b and
expressed in HEK293 cells. The Myc-tagged vezatin was purified from
cell extracts on an anti-Myc affinity column. Finally, the His-tagged my-
osin VIIa tail fragment corresponding to the C-terminal MyTH4-FERM
repeat (NCBI accession number NM_000260, amino acids 1747–2215)
was produced in a baculovirus system and purified on a Ni 2�-agarose
column.

To test for myosin VIIa tail interactions, the same amount (4 �g) of
GST-tagged usherin, GST-tagged Vlgr1, or GST alone was bound to gluta-
thione–Sepharose beads (25 �l) for 90 min at 4°C and then incubated with
the purified myosin VIIa C-terminal fragment (3 �g, �50 pmol), in 250 �l
of PBS supplemented with 50 mM NaCl, 0.1% Triton X-100, and complete
protease inhibitor mixture (Roche, Basel, Switzerland) for 5 h. The beads
were then washed four times with binding buffer, and bound proteins were
resuspended in 50 �l of 2� SDS sample buffer, separated by electrophoresis,
and analyzed by Western blot using an anti-His antibody (1:1000; Qiagen,
Valencia, CA). Horseradish peroxidase-conjugated goat anti-mouse anti-
bodies (GE Healthcare) and ECL chemiluminescence system (Pierce, Rock-
ford, IL) were used for detection.
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To test for vezatin interactions, the anti-Myc affinity beads bound to
Myc-tagged vezatin (25 �l) were washed intensively with cell lysis buffer
(PBS complemented with 50 mM NaCl, 0.5% Triton X-100, 0.1% SDS,
5% glycerol, 0.5 mM DTT, 1 mM orthovanadate, and complete inhibitor
protease mixture) and incubated with 2 �g of each GST-fusion protein
[whirlin fragments (�30 pmol), Vlgr1 (�50 pmol), or usherin (�50
pmol) cytoplasmic fragments] in 250 �l of PBS supplemented with 50
mM NaCl, 0.1% Triton X-100, and complete protease inhibitor mixture
(Roche) overnight at 4°C. The washing steps and Western blotting con-
ditions were as above. Bound proteins were revealed using an anti-GST
antibody (1:1000; Santa Cruz Biotechnology).

Single-cell RT-PCR. To obtain single hair cells, P6 isolated organs of
Corti were collected in 100 �l of PBS with 5% trypsin at room tempera-
ture and were slowly disassembled mechanically for 4 min. A total of 100
�l of fetal calf serum was added for neutralization of trypsin. Isolated hair
cells were then harvested with a patch pipette filled with PBS under a
Nikon inverted microscope. Each hair cell was individually placed di-
rectly in 10 �l of the RT mix using the SuperScript II Reverse Transcrip-
tase kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s in-
structions, except that the RT reaction was incubated overnight at 37°C.
For each cell, we used the extracellular fluid as a negative control. A
multiplex nested PCR was then performed on each hair cell or control
tube using the Expand High Fidelity PCR System kit (Roche) according
to the manufacturer’s instructions. The first PCR was done in a total
volume of 100 �l (including the 10 �l of the RT reaction), using specific
primers (at a concentration of 1 �M each) for the nine adenylyl cyclase
(AC) transcripts that were tested and for two control transcripts, namely
myosin VIIa, which is expressed in both OHCs and IHCs, and prestin,
which is only expressed in OHCs. The PCR consisted of 20 amplification
cycles (40 s at 95°C, 45 s at 58°C, and 50 s at 72°C). Primer sets were
chosen on different exons to be able to discriminate between genomic
DNA and cDNA (for primer sequences, see supplemental Table, avail-
able at www.jneurosci.org as supplemental material). Amplified DNA
fragments had a molecular weight ranging between 300 and 500 bp. The
nested PCR was performed in a 25 �l mix containing 2 �l of the first PCR
mix and only one set of inner primers at a time through 35 cycles (40 s at
95°C, 45 s at 58°C, and 50 s at 72°C). To test whether the various cDNA
fragments could be selectively amplified by the primer sets, we first per-
formed a PCR amplification assay on entire cochlea cDNA in the same
conditions. All adenylyl cyclase transcripts and control transcripts could
be detected in this way.

Thirty cells were systematically collected for each experiment. For re-
sult analysis, only cells that showed the proper myosin VIIa and prestin
expression profiles were computed. The number of positive cells for each
adenylyl cyclase was then counted and compared statistically to the num-
ber of extracellular fluid samples showing cDNA amplification (n � 10)
by using the � 2 method (with Yates correction for small samples) to
check for significance ( p � 0.05).

Electrophysiological recordings. Electrophysiological recordings from
cochlear explants were performed on P7 Vlgr1�/�, Vlgr1�/�, and
Vlgr1�/� mice as reported previously in the rat (Kennedy et al., 2003).
Briefly, the cochlear coils were finely dissected, placed under two nylon
meshes, and observed under a 40� water-immersion Olympus (Tokyo,
Japan) objective mounted on an Axioscope Zeiss microscope. Extracel-
lular and dissecting solutions were identical and were composed of (in
mM) 146 NaCl, 5.8 KCl, 1.5 CaCl2, 0.7 NaH2PO4, 2 Na-pyruvate, 10
glucose, and 10 HEPES, pH 7.4, 305 mOsm/kg. Intracellular solution
contained (in mM) 130 KCl, 10 NaCl, 3.5 MgCl2, 1 EGTA, 5 K2ATP, 0.5
GTP, and 5 HEPES, pH 7.3, 290 mOsm/kg. For dihydrostreptomycin
(DHS) experiments, the extracellular solution was identical to the dis-
secting solution except for the Ca 2� concentration, which was 0.5 mM to
potentiate DHS effect on the MET channels (Marcotti et al., 2005). DHS
was perfused at a concentration of 0.2 mM.

Hair cells were whole-cell voltage clamped at room temperature (20 –
25°C) using an EPC-9 patch-clamp amplifier and the Patchmaster soft-
ware (HEKA, Lambrecht, Germany). No correction was made for liquid
junction potentials. Borosilicate patch pipettes (2–3 M�) were ap-
proached parallel to the hair cell rows through a hole in the reticular
lamina. During this approach, extracellular solution was abundantly per-

fused to avoid contact between EGTA and the MET apparatus, which is
sensitive to calcium chelators. Patch-clamped OHCs and IHCs were lo-
cated at a distance of �20 –35% the total length of the uncoiled cochlea
from the apex. Series resistance was always �10 M� and was compen-
sated to 70%. Data were sampled at 100 kHz and filtered at 10 kHz
(eight-pole Bessel). Each transducer current presented in the figures is
the average response of 10 consecutive stimulations. Stereocilia were
mechanically stimulated with a glass probe fixed on a stack actuator
(PA8/12; Piezosystem Jena, Jena, Germany). The tip diameter of the glass
probe was 2–3 �m. The tilt of the probe relative to the cell apical surface
was �30°. Voltage steps were preconditioned to avoid resonance of the
actuator. To stimulate the hair bundle in the inhibitory direction, the
whole preparation was rotated 180°, and the same glass probe was used.
However, we used a fixed conventional orientation to present our results.
We define as a positive deflection one that goes from the neural edge
toward the stria vascularis and, as a negative deflection, one that goes in
the opposite direction.

Data were analyzed using the IgorPro software (WaveMetrics, Lake
Oswego, OR). Po-displacement curves were fitted with a second order
Boltzmann function (Kros et al., 2002; Beurg et al., 2006). Fast adaptation
time constant was evaluated by fitting a double-exponential curve onto
the mechanoelectrical transduction response curve (Kennedy et al.,
2003). This fit was done for the displacement corresponding to maxi-
mum hair bundle sensitivity, that is, for the response curve closest to a
relative opening probability (Po) of 0.5. For sensitivity measurements,
the mean value of the second-order Boltzmann function derivative was
calculated for displacements corresponding to Po values between 0.2 and
0.8.

Results
Vlgr1 is a component of the ankle links of the hair bundle
The specificity of our affinity-purified antibody directed against
the N-terminal extracellular region of the mouse Vlgr1 was tested
by immunofluorescence imaging on whole-mount cochlear
preparations from Vlgr1�/�, Vlgr1�/�, and Vlgr1�/� mice (Fig.
1D,E and data not shown). At embryonic day 17 (E17), an in-
tense Vlgr1 staining was present at the base of the emerging hair
bundle and on a peripheral subpopulation of microvilli located at
the neural edge of the hair cell apical surface in Vlgr1�/� cochlear
hair cells (Fig. 1A,A�). At P0 –P1, the staining extended from the
very base of the stereocilia, i.e., where they anchor in the apical
cell surface, to their basal first quarter (Fig. 1B,B�). From P4 to
P9, the labeling became restricted, forming a basal band-like pat-
tern at the ankle-link level, above the now well distinguishable
stereocilia tapering or sharpened region (Fig. 1C,C�,D). From
P12 onward, Vlgr1 was no longer detected in the cochlear hair
cells (Fig. 1F). This spatiotemporal expression profile suggested
that Vlgr1 is an ankle-link component. Indeed, the ankle links
could not be detected in P6 Vlgr1�/� mice by scanning electron
microscopy, whereas other lateral links were still present (Fig.
2A–B�). This result confirms recently published results by McGee
et al. (2006) on Vlgr1/del7TM mice that lack a functional Vlgr1.
Moreover, when organs of Corti from wild-type mice were
treated with either BAPTA or subtilisin, the Vlgr1 staining disap-
peared from the hair bundles (Fig. 1G) (see Materials and Meth-
ods). This Vlgr1 sensitivity to BAPTA and subtilisin is reminis-
cent of that described for the ankle-link antigen (ALA) labeling in
the chick (Goodyear and Richardson, 1999, 2003).

Hair bundle abnormalities and persistence of peripheral
microvilli in Vlgr1�/� hair cells
We studied the structure of the apical region of Vlgr1�/� hair cells
by scanning electron microscopy. In agreement with the anoma-
lies reported recently in Vlgr1/del7TM mice (McGee et al., 2006),
gross observations of the Vlgr1�/� cochlea showed gradually in-
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creasing disorganization of the hair bundles from cochlear base
to apex, starting from P4 at the base (Fig. 2C–E�). However, we
could observe the typical staircase pattern shaped by the three
rows of stereocilia. Most OHCs exhibited U-shaped or rounded
hair bundles, instead of the expected V shape, and IHCs displayed
asymmetrical instead of symmetrical arch-shaped hair bundles.
In addition, the peripheral subpopulation of microvilli at the
neural edge side failed to regress in most IHCs and occasionally in
OHCs, whereas these microvilli normally disappear before P6 in
wild-type mice (Fig. 2C�,D�). In the mutant mice, these microvilli
even underwent a stereocilia-like maturation as they organized
themselves in one or two rows, conferring a circular shape to the
hair bundle (Fig. 2B�,C�,D�), their stereocilia base sharpened,
and they displayed an increased phalloidin labeling at P11 (data
not shown), thus indicating a progressive increase of their actin
filament content, as observed in parallel for the genuine stereo-
cilia. This indicates that Vlgr1, which is present in these periph-
eral microvilli, prevents their differentiation and is required for
their regression.

Lack of Vlgr1 results in the absence of usherin, vezatin, and
whirlin at the stereocilia base
We asked whether usherin, a protein with a large extracellular
region that is present at the base of the stereocilia (Adato et al.,
2005b) and is colocalized with Vlgr1 (supplemental Fig. 1A–D,
available at www.jneurosci.org as supplemental material), could
be a component of the ankle links too. In P5 wild-type mice,

usherin was detected at the base of the hair
bundles (Fig. 3A) and the immunostain-
ing was lost after BAPTA application.
However, it was still present after treat-
ment with subtilisin, which is not in accor-
dance with the characteristics of ALA links
(Goodyear and Richardson, 1999, 2003)
(supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial). In P6 Vlgr1�/� mice, usherin could
not be detected in the hair bundle (Fig.
3A�). We conclude that Vlgr1 is required
to maintain usherin at the stereocilia base
and that usherin could make up interste-
reocilia links distinct from those carrying
the ALA epitope.

Two additional proteins, namely veza-
tin, a putative transmembrane protein
(Küssel-Andermann et al., 2000b) and
whirlin, a postsynaptic density-95/Discs
large/zona occludens-1 (PDZ) domain-
containing protein (Mburu et al., 2003),
also have a transient band-like distribu-
tion at the base of the developing hair bun-
dle. To study the distribution of vezatin in
Vlgr1�/� mice, we used a previously re-
ported antibody (Küssel-Andermann et
al., 2000b). The labeling present at the
base of the stereocilia in P6 wild-type
mice was colocalized with Vlgr1 (supple-
mental Fig. 1A�–D�, available at www.
jneurosci.org as supplemental material)
and could not be detected in P6 Vlgr1�/�

mice (Fig. 3B,B�). Whirlin is sequentially
detected at the tip of the stereocilia rows as
they start growing, and the protein is in-

volved in the control of stereocilia length (Delprat et al., 2005;
Kikkawa et al., 2005; Mburu et al., 2006). In addition, whirlin is
transiently present at the stereocilia base at early postnatal stages
(Fig. 3C) (Delprat et al., 2005). In P6 Vlgr1�/� mice, the whirlin
apical staining of stereocilia remained unchanged, but the pro-
tein could not be detected at their base anymore (Fig. 3C�). No-
tably, whirlin was also detected at the tip, but not the base of
Vlgr1�/� supernumerary peripheral microvilli, whereas usherin
and vezatin could not be detected in these structures (Fig.
3A�,B�,C�).

Abnormal distributions of Vlgr1, usherin, and vezatin in
shaker-1 and whirler mouse mutants
Based on the absence of harmonin, a hair bundle PDZ domain-
containing protein, from the stereocilia of myosin VIIa defective
mice, we have proposed that myosin VIIa conveys harmonin to
the hair bundle (Boëda et al., 2002). We thus studied the distri-
butions of Vlgr1, usherin, and vezatin in shaker-1 4626SB mice,
which lack myosin VIIa because of a nonsense mutation in the
motor domain of the protein (Mburu et al., 1997). These mice are
profoundly deaf and have disorganized hair bundles from the
earliest stages of hair bundle development. In shaker-1 mice,
Vlgr1, usherin, and vezatin were not detected in the basal region
of stereocilia but formed clumps at the hair cell apical surface by
immunofluorescence analysis (Fig. 4A�,B�,C�). Accordingly, an-
kle links could not be detected in shaker-1 mutant mice (data not
shown). In whirler mutant mice that lack functional whirlin

Figure 1. Vlgr1 in normal hair bundle development. Whole-mount preparations of wild-type mouse cochlear middle-coil
double labeled for actin (red) and Vlgr1 (green). A, A�, At E17, the Vlgr1 staining of hair cells is located at the base of the emerging
hair bundles and extends as a fine peripheral band to the neural edge short microvilli (A, arrowheads). B, B�, At P1, Vlgr1 labeling
is restricted to the basal end of the hair bundles both in OHCs (B) and IHCs (B�). C–E, At P4 and P8, in both hair cell types, the Vlgr1
labeling forms a tight band at the base of stereocilia (C–D), which is not detected in Vlgr1�/� mice (E). F, Vlgr1 is no longer
detected in P12 Vlgr1�/� hair bundles. G, The Vlgr1 labeling disappears after BAPTA or subtilisin treatment of P5 cochlear
explants. Scale bars, 4 �m.
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(Mburu et al., 2003), both usherin and
vezatin labelings (Fig. 4B��,C��) could not
be detected either in the stereocilia or in
the hair cell apical region, whereas the
Vlgr1 staining was mislocated at the very
base of stereocilia, below the ankle-link
level (Fig. 4A��).

Myosin VIIa–Vlgr1, myosin
VIIa– usherin, and vezatin– usherin in
vitro interactions
In vitro direct interactions between whir-
lin and the cytoplasmic regions of Vlgr1
(van Wijk et al., 2006) and usherin (Adato
et al., 2005b) as well as between the myosin
VIIa tail and both whirlin (Delprat et al.,
2005) and vezatin (Küssel-Andermann et
al., 2000b) have been established previ-
ously. However, they do not account for
all concomitant delocalizations of Vlgr1,
usherin, whirlin, and vezatin in Vlgr1�/�,
shaker-1, and whirler mice. We thus asked
whether vezatin could also interact with
whirlin or the Vlgr1 and usherin cytoplas-
mic regions. In direct in vitro binding ex-
periments (see Materials and Methods),
we were able to show that vezatin binds to
the cytoplasmic region of usherin but nei-
ther to the cytoplasmic region of Vlgr1 nor
to whirlin (Fig. 5A and data not shown).
We then asked whether the myosin VIIa
tail could also bind to Vlgr1 or usherin and
found that both Vlgr1 and usherin cyto-
plasmic regions bind to the myosin VIIa
tail C-terminal MyTH4-FERM fragment
(Fig. 5B) in a direct in vitro binding
experiment.

Lack of Vlgr1 affects the stereociliar
distribution of adenylyl cyclase 6
Vlgr1 is a class B orphan GPCR (Foord et
al., 2005). After ligand recognition, class B
GPCRs activate G-proteins containing
G�s subunits that stimulate ACs, hence
cAMP production. AC1, AC4, AC6, AC7,
and AC9 transcripts have been found in
the mouse and rat organs of Corti by RT-
PCR analysis (Drescher et al., 1997; Kum-
agami et al., 1999). We studied the expres-
sion of AC isoforms in the mouse cochlear
hair cells by single-cell RT-PCR analysis,
as described previously (Adato et al.,
2005b). Primers were designed to specifi-
cally amplify each of the nine mouse AC
transcripts (Sunahara and Taussig, 2002)
(supplemental Table, available at www.
jneurosci.org as supplemental material).
As shown in Figure 6A, only AC6 and AC9
transcripts were detected in OHCs. Both
transcripts were also amplified in IHCs
(data not shown). By immunofluores-
cence on whole-mount mature organs of
Corti using antibodies recognizing both

Figure 2. Morphological defects of Vlgr1�/� hair bundles. A–B�, Scanning electron microphotographs of OHC and IHC hair
bundles from P6 Vlgr1�/� and Vlgr1�/� mice. Insets, Enlarged views of stereocilia bases. A, B, Arrowheads point to the ankle
links in Vlgr1�/� hair bundles. A�, B�, Ankle links are absent in Vlgr1�/� hair bundles. C–E�, Scanning electron microphoto-
graphs of the surface of the organ of Corti at the apical, middle, and basal coils of cochleas from P6 Vlgr1�/� and Vlgr1�/� mice.
C�, D�, Arrowheads point to neural side supernumerary microvilli in Vlgr1�/� IHCs. Scale bars, 4 �m.

Figure 3. Hair bundle distribution of usherin, vezatin, and whirlin in P6 Vlgr1�/� and Vlgr1�/� cochlear hair cells. A–B�, In
Vlgr1�/� mice, both usherin (A) and vezatin (B) are detected at the base of stereocilia and along the kinocilium. In Vlgr1�/�

mice, usherin (A�) and vezatin (B�) labelings are no longer present at the base of the hair bundle but remain in the kinocilium (A�,
B�,arrows) both in OHCs and IHCs. C, C�, In Vlgr1�/� mice, whirlin is detected both at the base and apical end of stereocilia. In
Vlgr1�/� mice, only the apical labeling can be seen (C�, arrowheads), both in stereocilia and supernumerary neural edge mi-
crovilli. Scale bar, 4 �m.
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AC5 and AC6, we observed a clear staining
at the very base of stereocilia in IHCs and
OHCs. An AC9 labeling of the hair bundle
was also observed, which was weaker and
diffuse along stereocilia (data not shown).

We then analyzed the stereociliar dis-
tribution of AC6 during development. Be-
tween E16 and P1, AC6 labeling was
present all along the stereocilia of OHCs
but was almost undetectable in IHC hair
bundles (Fig. 6B,C). From P3 onward, the
labeling of OHC hair bundles was re-
stricted to their base, and AC6 became de-
tectable at the base of IHC stereocilia (Fig.
6D–F). In mature OHCs and IHCs, AC6
was still detected at the stereocilia base. In
P7 Vlgr1�/� mice, a dramatic increase in
the AC6 labeling was found in OHC and
IHC stereocilia (Fig. 6G–H�). In addition,
instead of being restricted to the stereo-
cilia base, it extended from stereocilia base
to apex in both hair cell types. In contrast,
the distribution of AC9 was not modified
in Vlgr1�/� mice (data not shown).

MET currents are abnormal in Vlgr1�/�

outer hair cells
To determine whether the ankle links are
involved in the MET process, we per-

formed a comparative analysis of the response of Vlgr1�/� and
Vlgr1�/� hair bundles to mechanical stimulation. In P7 Vlgr1�/�

mice, IHCs exhibited large transducer currents in response to a
fast mechanical stimulus applied to the hair bundle in the excita-
tory (positive) direction, i.e., along the tip-link axis in the direc-
tion of the tallest stereocilia. This is the first time that MET cur-
rents are recorded in mouse IHCs using a stiff probe to stimulate
the hair bundle. These currents had magnitudes comparable with
those reported recently in the rat IHCs (Beurg et al., 2006). The
MET channels gradually re-closed in two sequential adaptation
phases, a fast one in the submillisecond range and a subsequent
slow one in the 10 –100 ms range (Fettiplace and Hackney, 2006).
At the apical turn (20 –35%), the measured transducer currents
for wild-type IHCs (Fig. 7A) had a mean saturating amplitude of
773 	 248 pA (n � 9) and a fast adaptation time constant of
998 	 367 �s (n � 8). In Vlgr1�/� mice, all recorded IHCs (Fig.
7A) exhibited MET currents, with a mean saturating amplitude of
619 	 253 pA (n � 12), not significantly different from wild-type
IHCs (Student’s t test, p � 0.18). Fast adaptation was unchanged
in mutant mice either with a time constant average of 898 	 320
�s (n � 10; Student’s t test vs wild-type mice, p � 0.55). Com-
paring the normalized relative Po-displacement curves in
Vlgr1�/� and Vlgr1�/� IHC hair bundles showed that neither the
displacement required to open 50% of the MET channels nor the
slope mean value calculated for displacements corresponding
to Po values between 0.2 and 0.8 were significantly different
(Fig. 7B�).

In contrast, Vlgr1�/� OHCs showed greatly impaired MET
currents at P7. In Vlgr1�/� mice at the apical turn (20 –30%) of
the cochlea, transducer currents had a mean saturating ampli-
tude of 853 	 200 pA (n � 5) and a fast adaptation time constant
of 363 	 70 �s (n � 5) (Fig. 7A). In Vlgr1�/� mice, all recorded
OHCs exhibited MET currents. However, there were both a sig-
nificant decrease in transducer current mean saturating ampli-

Figure 4. Distribution of Vlgr1, usherin, and vezatin in the apical region of inner hair cells from P6 shaker-1 and whirler mice.
In the absence of myosin VIIa (shaker-1 mutant) or whirlin (whirler mutant), the proper hair bundle distributions of Vlgr1, usherin,
and vezatin are no longer detected. A–A“, In shaker-1 hair cells, the Vlgr1 labeling forms clumps beneath the apical cell surface
(A�), whereas in whirler hair cells, it is detected at the very base of stereocilia, i.e., below the ankle links (A”). B–B“, A faint usherin
staining can be seen beneath the apical cell surface in shaker-1 hair cells (B�, arrowheads), whereas usherin cannot be detected in
whirler hair cells (B”). C–C“, The vezatin staining forms clumps beneath the apical cell surface in shaker-1 hair cells (C�) and is not
detected in whirler hair cells (C”). Scale bar, 4 �m.

Figure 5. Myosin VIIa–Vlgr1, myosinVIIa– usherin, and vezatin– usherin in vitro interac-
tions. A, Agarose beads carrying the Myc-tagged vezatin bind to a GST-fusion protein contain-
ing the cytoplasmic region of usherin (GST-CytoUsherin) but not to GST alone. B, The myosin
VIIa C-terminal MyTH4-FERM fragment (Myosin VIIa Cter) binds to GST-fusion proteins contain-
ing the cytoplasmic domain of either Vlgr1 (GST-CytoVlgr1) or usherin (GST-CytoUsherin) but
not to GST alone. The positions of the molecular mass markers are indicated on the right.
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tude and an important heterogeneity be-
tween hair cells: 220 	 152 pA (n � 12) in
Vlgr1�/� OHCs at the apical turn
(20 –30%; Student’s t test vs wild-type,
p � 10�3). Comparing the normalized
relative Po-displacement curves in
Vlgr1�/� and Vlgr1�/� OHC hair bundles
showed that the displacement required to
open 50% of the MET channels and the
slope mean value calculated for displace-
ments corresponding to Po values between
0.2 and 0.8 were significantly higher (Stu-
dent’s t test, p � 10�2) and smaller (n �
11; Student’s t test, p � 0.03) in Vlgr1�/�

OHCs, respectively (Fig. 7B�). Fast adap-
tation was systematically present in
Vlgr1�/� OHCs, and its time constant
(437 	 133 �s; n � 8) was similar to that
in wild-type OHCs (Student’s t test vs
wild-type, p � 0.19).

Paradoxical response of the Vlgr1�/�

hair bundles to displacements in the
inhibitory direction
Strikingly, for all Vlgr1�/� hair bundles
tested at P7, we recorded a current when
they were pushed in the inhibitory or neg-
ative direction. In Vlgr1�/� IHCs (Fig.
8A), the threshold for MET activation in
the negative direction was 182 	 82 nm
(n � 12), and for a 1 �m negative displace-
ment, the mean recorded current was
212 	 162 pA (n � 13). In Vlgr1�/� OHCs
(Fig. 8C), the mean MET current thresh-
old was 104 	 70 nm (n � 9), and the
mean current was 103 	 87 pA (n � 9) for
a 1 �m negative displacement. In contrast,
in Vlgr1�/� hair cells (Fig. 8A), only 2 of
24 Vlgr1�/� IHCs displayed MET currents
for displacements � 250 nm in the nega-
tive direction and the IHC mean threshold
for MET activation was 856 	 444 nm
(Student’s t test vs mutant, p � 10�3). For
a 1 �m negative displacement, the mean
current value was very small: 32 	 52 pA
(n � 26) (Student’s t test vs mutant, p � 10�2). Similar results
were obtained for Vlgr1�/� OHC hair bundles (Fig. 8C), with a
mean activation threshold of 993 	 434 nm (Student’s t test vs
mutant, p � 10�4) and a mean current amplitude of 7 	 9 pA
(n � 11) for a 1 �m negative displacement (Student’s t test versus
mutant, p � 0.01). Both in Vlgr1�/� IHCs and OHCs, these
currents elicited by stimulation in the negative direction were
reversibly abolished by the perfusion of hair bundles with dihy-
drostreptomycin, an MET channel blocker (Fig. 8B,D).

Cadherin 23 class A isoforms are absent from Vlgr1�/�

hair bundles
Because loss of cohesion of the hair bundle could account for the
abnormal MET current recordings in Vlgr1�/� hair cells, we
asked whether other interstereociliary links could be missing in
Vlgr1�/� mice that lack the ankle links. We focused on cadherin
23 because it has been shown to form transient lateral links dur-
ing hair bundle development (Lagziel et al., 2005; Michel et al.,

2005). Three classes of cadherin 23 isoforms (A, B, and C) have
been described in the mouse hair bundles. Class A and class B
isoforms are transmembrane proteins that are composed of 27
and 7 extracellular cadherin repeats, respectively, whereas class C
isoforms are cytosolic proteins. Each class consists of two iso-
forms, which differ by the presence or absence of a peptide en-
coded by exon 68 (Lagziel et al., 2005). We analyzed the distribu-
tion of cadherin 23 isoforms in P6 –P7 Vlgr1�/� mice by
immunohistofluorescence. In wild-type mice, the cadherin 23 N1
antibody, which detects the 11th extracellular cadherin repeat
(specific to class A isoforms), stains stereocilia at their tips, as
reported previously (Lagziel et al., 2005) (Fig. 9B). In Vlgr1�/�

hair bundles, the N1 labeling was present at P0 but could no
longer be detected at P6 (Fig. 9A�,B�). In contrast, the staining
observed with the cadherin 23 Ela3 antibody, which detects all
cadherin 23 isoforms, had similar distributions in the wild-type
and Vlgr1�/� hair bundles both at P0 and P7 (Fig. 9C,C�) (data
not shown). At P15, the N1 and Ela3 labelings have both disap-

Figure 6. Adenylate cyclase 6 in Vlgr1�/� and Vlgr1�/� hair bundles. A, Detection of AC transcripts in P6 OHCs by using
single-cell RT-PCR. Only AC6 and AC9 transcripts could be detected. B–F, AC6 distribution in the hair bundles of middle-coil
cochlear hair cells at different postnatal stages. B, In P1 wild-type mice, AC6 is detected all along OHC stereocilia but not in IHC
stereocilia. C, E, In P2 and P7 wild-type OHCs, the AC6 labeling is restricted to the stereocilia base. D, F, In wild-type IHCs, the AC6
labeling can be detected at the stereocilia base from P3. G, H, H�, In P7 Vlgr1�/� OHCs and IHCs, the AC6 labeling is more intense
and located all along stereocilia. Scale bars, 4 �m.
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peared in wild-type mice, whereas in P15 Vlgr1�/� mice, the Ela3
immunoreactivity remained as observed at P7 (data not shown).
The immunolabeling of protein tyrosine phosphatase receptor Q
(Ptprq), which has been proposed to form the shaft links (Good-
year et al., 2003), was not modified in the Vlgr1�/� hair cells
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material).

Discussion
Based on the molecular identification of the avian ALA and im-
munoelectron microscopy analysis of the developing hair bundle
in wild-type and Vlgr1/del7TM mutant mice, McGee et al. (2006)
have shown that Vlgr1 is a component of the ankle links that
connect growing stereocilia in the developing cochlear hair cells.
Here, we confirmed that Vlgr1 makes up the ankle links. First, by
using an antibody directed against the extracellular region of
Vlgr1, we showed that the immunoreactivity of the hair bundle is
strictly correlated to the transient presence of the ankle links in
mouse cochlear hair cells. Second, we analyzed mutant mice car-
rying a different deletion of the Vlgr1 gene (Yagi et al., 2005) and
showed that they lack the ankle links. Third, the disruption of the
ankle links that resulted from BAPTA or subtilisin treatment of
wild-type hair cells was associated to the loss of Vlgr1 immuno-
reactivity (Yagi et al., 2007) (this study). Moreover, our results
support the existence of an ankle-link molecular complex (ALC)
(Fig. 10) that includes the large transmembrane protein usherin,
the putative transmembrane protein vezatin, and the submem-
brane protein whirlin. Indeed, these molecules are colocated in
the ankle-link subregion of the stereocilia and were not detected
beyond P12, i.e., when the ankle-link disappearance is completed
in the mouse. In addition, they were absent from Vlgr1�/� stere-
ocilia. Finally, it has been reported previously that the cytoplas-
mic regions of Vlgr1 and usherin bind to whirlin in vitro (Adato et
al., 2005b; van Wijk et al., 2006), and we show here that vezatin
directly interacts with usherin. From the mislocation of Vlgr1 at
the very base of stereocilia in the whirler mutant mice, we con-
clude that whirlin may determine the ankle-link accurate posi-
tion at the hair bundle base. Whirlin thus could be viewed as the
ALC scaffold protein, which is in agreement with the role of the
long whirlin isoform (containing three PDZ domains) at this
emplacement (Adato et al., 2005a,b). Notably, a genetic defect of
the long whirlin isoform has been reported recently to cause
USH2D (Ebermann et al., 2006). Therefore, the proteins encoded
by the three USH2 genes known thus far (USH2A, USH2C,
USH2D) would belong to the same molecular complex. A sce-
nario of ALC formation cannot be unequivocally deduced from
the molecular analysis of mutant mice defective for one or the
other ALC protein. However, because we did not detect Vlgr1,
usherin, whirlin, and vezatin, in the hair bundles of shaker-1
mutant mice and because all of these proteins bind to the myosin
VIIa tail in vitro (Küssel-Andermann et al., 2000b; Boëda et al.,
2002; Adato et al., 2005a; Delprat et al., 2005) (this study), we
suggest that this actin-based motor protein conveys both trans-
membrane and submembrane ALC proteins, to the stereocilia.
Moreover, because the PDZ domain-containing submembrane
protein harmonin (Boëda et al., 2002) and the transmembrane
protein protocadherin 15 (Senften et al., 2006), two stereociliary
proteins, are also delocalized in shaker-1 mice and both interact
directly with the myosin VIIa tail, myosin VIIa may act as a gen-
eral conveyor of stereociliary proteins.

According to the GPCR subclass of Vlgr1, it is expected to
activate the G-protein �s subunit, which in turn activates cAMP-
dependent signaling pathways via adenylyl cyclase and protein

Figure 7. Mechanoelectrical transduction current recordings in the excitatory direction. A,
Examples of MET current recordings in IHCs (red) and OHCs (blue) from Vlgr1�/� and Vlgr1�/�

P7 mice while applying different displacement steps in the excitatory direction (shown on the
left) and one 150 nm step in the opposite direction. Cells were voltage clamped at �80 mV. B,
Relative Po-displacement curves plotted for Vlgr1�/� (n�5) and Vlgr1�/� (n�8) IHCs (left)
and for Vlgr1�/� (n � 5) and Vlgr1�/� (n � 11) OHCs (right). Relative Po-displacement
curves were fit with a normalized second-order Boltzmann function: I � 1/[1 � {exp(a(X0 �
X ))}{1 � exp(b(X1 � X ))}], where a � 0.044 nm �1, b ��0.037 nm �1, X0 � 78 nm, X1 �
60.3 nm for Vlgr1�/� IHCs, and a � 0.024 nm �1, b ��0.017 nm �1, X0 � 123.6 nm, X1 �
86.5 nm for Vlgr1�/� IHCs, and a � 0.049 nm �1, b � �0.036 nm �1, X0 � 80.4 nm, X1 �
46.9 nm for Vlgr1�/� OHCs, and a � 0.027 nm �1, b � �0.020 nm �1, X0 � 166 nm, X1 �
120.4 nm for Vlgr1�/� OHCs. B�, X0.5 denotes average displacements required to open 50% of
the MET channels and average sensitivity is the slope mean value calculated for displacements
corresponding to Po values between 0.2 and 0.8 in Vlgr1�/� and Vlgr1�/� hair cells. Statisti-
cally significant differences (Student’s t test) are denoted by asterisks.
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kinase A (PKA) activation. In this respect,
A-kinase anchoring proteins (AKAPs) are
believed to localize PKA to the GPCR-
associated molecular complex (Malbon et
al., 2004; Appert-Collin et al., 2006). In-
terestingly, the myosin VIIa tail has been
proposed to be an AKAP because it di-
rectly interacts with the R1� subunit of
PKA (Küssel-Andermann et al., 2000a).
Because myosin VIIa also binds to vezatin
and whirlin in vitro (Küssel-Andermann
et al., 2000b; Delprat et al., 2005), it is
qualified to play its AKAP function in the
context of the ALC. Indeed, in the mouse,
myosin VIIa is mainly restricted to the
base of the stereocilia between P2 and P10
both in IHCs and OHCs (V. Michel, un-
published results), whereas in the adult
frog, the protein is concentrated at the
level of the ankle links that, in this species,
persist throughout life (Hasson et al.,
1997). The restricted AC6 immunostain-
ing just nearby the ALC in wild-type mice
and its spreading out along the stereocilia
in Vlgr1�/� mice argue in favor of a Vlgr1–
AC6 functional coupling. Among the nine
mammalian ACs, AC6 is particular in that
its activity is negatively regulated by PKA,
PKC, and Ca 2� ions (Chiono et al., 1995;
Chen et al., 1997; Beazely and Watts,
2006). The association of Vlgr1 and ush-
erin, i.e., between a GPCR and a single-
pass transmembrane protein, has been de-
scribed in other GPCR complexes
(Bockaert et al., 2004). Single-pass trans-
membrane proteins can modulate GPCR
activities. This raises the attractive possi-
bility that usherin, by its high content of
FnIII repeats that are considered as revers-
ible “mechanical shock absorbers” (Chi-
Rosso et al., 1997), modulates Vlgr1 sig-
naling activity during hair bundle
stimulation.

Because electrophysiological record-
ings in Vlgr1�/� mice showed the pres-
ence of MET currents in response to pos-
itive deflections of the hair bundle in both
IHCs and OHCs, we conclude that ankle
links are not necessary for the setting up of
the MET apparatus and its mechanical
stimulation. This result does not corrobo-
rate recent data obtained in Vlgr1/del7TM
mice by McGee et al. (2006), who were
only analyzing the OHCs. Indeed, almost no MET currents could
be recorded in these cells at the same stage. Notably, the currents
obtained by these authors in wild-type OHCs were also twofold
to threefold smaller than those we recorded in Vlgr1�/� OHCs.
The site of our recordings may contribute to the difference, be-
cause they were performed 20% more basal, i.e., where OHCs
have larger MET currents (Beurg et al., 2006). A striking electro-
physiological feature of Vlgr1�/� IHCs and OHCs was the pres-
ence of significant MET currents for moderate mechanical stim-
ulations of the hair bundle in the so-called inhibitory direction.

Activation of a different mechanosensitive channel is unlikely
because most MET currents recorded by hair bundle stimulation
in the inhibitory direction exhibited fast adaptation with time
constants similar to the currents recorded when hair bundles
were deflected in the excitatory direction. Moreover, this current
was completely and reversibly abolished by extracellular applica-
tion of dihydrostreptomycin, a permeant blocker of MET chan-
nels (Marcotti et al., 2005). The possibility that this current re-
sults from concomitant mechanical stimulation of the
supernumerary microvilli also seems unlikely, because in cells

Figure 8. Mechanoelectrical transduction current recordings in the inhibitory direction. A, C, Examples of MET current record-
ings in IHCs (red) and OHCs (blue) from Vlgr1�/� and Vlgr1�/� P7 mice while applying different displacement steps in the
inhibitory direction. Cells were voltage clamped at �80 mV. B, D, Dihydrostreptomycin (DHS) application suppresses the MET
current in P7 Vlgr1�/� IHCs and OHCs.

Figure 9. Hair bundle distribution of cadherin 23 in Vlgr1�/� and Vlgr1�/� inner hair cells. A, B, C, In P1 (A) and P6 (B, C)
wild-type hair cells from cochlear middle coil, the N1 (extracellular) and Ela3 (both intracellular and extracellular) epitopes of
cadherin 23 are both detected in the apical part of the stereocilia. A�, B�, C�, In Vlgr1�/� hair cells, the N1 epitope is detected at
P0 (A�) but not at P6 (B�). In contrast, the distribution of Ela3 is preserved (C�). Scale bar, 4 �m.
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that exhibited large paradoxical currents, we could not record a
current when these microvilli were selectively excited with a bent
probe (data not shown). Rather, we suggest that the impaired
cohesion of the hair bundle in Vlgr1�/� mutants accounts for
both the decreased amplitude of MET currents in OHCs stimu-
lated in the excitatory direction and the paradoxical currents re-
corded in IHCs and OHCs stimulated in the inhibitory direction.
Indeed, video monitoring of the hair bundle while the probe was
moved in the inhibitory direction elicited intra-row and inter-
row uncoordinated movements of stereocilia, many of which are
likely to result in increased tip-link tension and MET channel
opening probability (see supplemental videos 1–3, available at
www.
jneurosci.org as supplemental material). This abnormal coordi-
nation between stereocilia could be the direct consequence of the
absence of cohesive forces mediated by the ankle links. Moreover,
it could also result from the absence of some stereocilia apical
links made of cadherin 23, because we did not detect the long
cadherin 23 class A isoforms in P7 Vlgr1�/� mice. Finally, the
disappearance of these cadherin isoforms in the absence of Vlgr1
suggests that the ankle links have a signaling function in hair
bundle differentiation.

Both USH2C patients, who carry mutations in VLGR1, and
Vlgr1�/� mice suffer from moderate to severe hearing impair-
ment and have severely impaired otoacoustic emissions (Weston
et al., 2004; McGee et al., 2006; Yagi et al., 2007), which indicates
OHC malfunction. Accordingly, we found that the MET currents
elicited by mechanical stimulations of the hair bundle in the stim-
ulatory direction were impaired in P7 Vlgr1�/� OHCs compared
with wild-type, whereas these currents were not affected in
Vlgr1�/� IHCs at the same stage. In mutant OHCs, there was a
marked shift of the relative Po-displacement curve toward larger
displacements and a decrease in the slope, indicating lower sen-
sitivity of the hair bundle to mechanical stimulation. This result
argues in favor of a prevailing OHC malfunction in USH2C.
Based on the structural and functional polarity anomalies of the
IHC hair bundles that we detected already at P7 in the mouse,
however, a certain degree of IHC malfunction is likely to partic-
ipate in the hearing loss in humans and mice.
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